Abstract. For human beings, the morphological features of cells are closely related to human health thus research into the technique of cell imaging is very important. The optical phase imaging technique is one of the most useful methods because the cell is a phase object. More than one phase images should be needed when rebuilding the 3D sub-structure of a cell. In this paper, in order to obtain the complete 3D information of a cell under the maximum entropy tomography method, two orthogonal phase images is acquired simultaneously, so one orthogonal interference imaging system based on dual orthogonal optical path is constructed by using a lateral displacement beam splitter is proposed. It can obtain two interference images at the same time on the orthogonal direction, so that the biological cellular 3D morphology and its sub-structure can be obtained by using some phase recovery method. Compared with the traditional off-axis interferometry, the full information of the cell is omitted in this method. The simulation and experiment results show the validity and stability of the proposed method. This technique could be widely applied to phase microscopy, especially for transparent samples, such as phase imaging for biological cells and phase measurement, etc.
Introduction
With the development of the theoretical research in human life science, the requirement of the method and the technique, which can be used to detect the cell, becomes more and more significant. In connection with this, optics is one of the oldest and most promising subjects, which provision of a new research perspective and means for the scientific research of life science. Especially the development of all kinds of microscopy that provides people with a new perspective to study the phenomena of life activities. At the same time, the new rules and findings has been explored by life science researchers in the microscopic field of the biological molecules, cells, tissues and organs. It becomes necessary for researchers to pay more attention to the more powerful technique which they need. Thus optical microscopy should consider the requirements in developing new detection methods, which have the advantages of real-time, high sensitivity, high resolution and no damage.
Because cells have the characteristic of transparency, and the traditional optical microscope cannot observe their structure information clearly, phase microscopy technique, which makes full use of intrinsic refractive index of the cell to increase the contrast, has attracted a lot of attention. Especially, over the past decades, a lot of advanced phase microscopy techniques [1] [2] [3] [4] [5] have been proposed to realize the quantitative phase imaging with high accuracy. With this techinque, the shape and dynamics of cells are studied on the basis of the phase information. Unfortunately, for many quantitative phase microscopy techniques, only two dimensional phase information can be obtained, which can not reflect sub-structure information of the real cell.
Tomography phase microscopy (TPM) [6] [7] [8] [9] [10] is an emerging technique that provides quantitative refractive index distributions and 3D structure information of biological cells. A common idea of TPM is to record a set of quantitative phase images at various illumination angles, and then to reconstruct 3D structure with these images according to the corresponding algorithm. For example, in 2007, Choi et al. [6] proposed a high-resolution TPM based on a phase-shifting laser interferometric microscope. In this technique, a galvanometer scanning mirror is required to vary the illumination angle of the light source for acquiring phase images in multiple directions, and the filtered back-projection method is applied to reconstruct a 3D refractive index tomogram. This technique can obtain the satisfying results for the thin specimens, such as live cells and tissues. In Ref. [9] , a TPM is based on the digital holographic phase microscopy. The phase projection data in multi-directions can be obtained by rotating the specimen under a fixed illumination beam, and then a filtered back projection procedure is applied to deal with these data for achieving the complete projection reconstruction of the refractive index. In Ref. [10] , the optical tweezers is introduced to a phase-shifting Mach-Zehnder interferometer for achieving the TPM. In this interferometer, two light sources are used, among which the light wave induced by the green laser can control the cell rotation. This TPM realizes the measurement of cell at the total solid angle range of  360 , thus it can overcome a common problem existing in some TPM methods, that is the reconstructed error caused by the insufficient projection data.
In summary, a series of phase images under different illumination angles are required in these tomography methods mentioned above. To reduce the measuring data, in this paper, we propose an orthogonal phase microscopy technique, with imaging from two orthogonal directions. Then using the maximum entropy tomography method, we reconstruct the refractive index and the 3D sub-structure from the phase distribution of the two vertical directions. [11, 12] 
Orthogonal Phase Microscopy Imaging System
The design of one orthogonal phase microscopy technique is shown in Figure 1 , in which, beam from the laser pass through the beam splitter (BS), is splitted into two beams, horizontal and vertical, and then the horizontal beam pass through the lateral displacement beam spiliter one (LDBS1) into two parallel beams. One of them carries the sample information, when transmitted through the sample, into the LDBS2 with another beam, which comes from the LDBS1. Thus the interference pattern is obtained by the CMOS1 on its screen. Under a certain distance from the BS the vertical beam, which comes from the BS, is refracted through the mirror 1(M1) to the horizontal direction. Then it passes through the LDBS3 into two parallel beams, one of them transmits through the sample, as the object beam. Another one directly incidents onto the LDBS4, as the reference beam. These two beams are combined into one part by transmission and reflecting of the LDBS4. Finally, the interferogram is recorded by the CMOS2. It is worth noting that the two sensors obtain the interferograms simultaneously.
Using the Hilbert transform, the phase distribution is obtained, the phase information of the sample is demodulated, and finally a three-dimensional morphology of the sample can be reconstructed based on the unwrapped phase. 
Phase Retrieval Methods
In the off-axis interferometry, since the object and reference waves are not parallel, the linear phase factor is introduced, and the phase can be retrieved only by one single interferogram. The interference intensity can be given by
Here,
is the relative phase difference between the object and reference waves.
k is the spatial frequency of the fringes. In this case, the background intensity can be eliminated by a high pass filter or an average algorithm. Consequently, we can obtain the interference term, which is given by 
Simulation and Experimental Validation
In order to demonstrate the ability of the orthogonal phase microscopy technique, we carry out the simulation and experiment of a tiny ball.
In our simulation, the radius and the refractive index of the ball are set as 2 µm and 1.59. Other parameters are as follows: the refractive index of the environment liquid is 1.57, the amplitudes of the object and reference waves are unit, the wavelength of the light source is 632.8 nm, the spatial frequency k is 1.0683 rad /pixel, and the size of the interference pattern recorded by a CCD is 512×512 pixels. According to these associated parameters and the phase retrieval theory in off-axis interferometry mentioned in Section 3, we can perform the phase imaging quantitatively. Fig. 2(a) is the interferogram. Fig. 2(b) is the interference term after high-pass filtering. Figs. 2(c) and 2(d) are the 1st and 2nd order derivatives of Fig. 2(a) . According to Eq. 6, we can obtain the phase distribution of the ball, as shown in Fig. 2(e) . Since the ball is homogeneous, there is a linear relationship between the axial thickness and phase distribution. To be specific, assuming that the light propagates along z-axis, this relationship can be expressed as
In which, H is the thickness along with the optical axis, and n  is the refractive index difference between the ball and the environment liquid. So the thickness information can be calculated from the measured phase directly, and the result is presented in Fig. 2(f) . Via the calculation, the maximum thickness of the ball is 4.0072 µm, and the corresponding error is 0.0072 µm, which is very small compared with the theoretical value. It shows that this phase retrieval method is feasible and highly accurate. In the experiment, we carry out the phase imaging of a SiO 2 ball with the diameter of 1.5 mm. The experimental setup is shown in Fig. 1 . The parameters of main components are as follows: A He-Na laser with the wavelength of 632.8nm is selected as the light source, the beam diameter after extending is 10 mm, the resolution of the CMOS (Infinity 1) Fig.3 based on the principle of Fig.1. Fig.3(a) shows the micrograph of a SiO 2 ball, Figs. 3(b) and 3(c) show the interferograms on different directions of the horizontal and vertical, Fig. 3(d) shows the phase distribution which was calculated from the horizontal direction interferogram. (Because it is the same as Fig. 3(d) the phase of the vertical direction is omitted.) Comparing the results from experiment and simulation, it is clear that there is basic agreement between the two phase distributions. 
Conclusion
In summary, this paper proposes a technique of orthogonal phase microscopy. This technique has the advantage of simplicity and stability, because the Mach-Zehnder interferometer can be easily realized. Compared with the traditional Mach-Zehnder interferometer, two orthogonal phase images of the sample is easily obtained by the two orthogonal interferogram. The phase and thickness distribution can be calculated with the maximum entropy tomography method. The simulation and experiment results both show that the images obtained by this method have good stability and resolution ratio. It may have a good application in QPI field.
